1. Introduction {#sec1}
===============

Periodontitis (gum disease) is a bacteria-induced inflammatory disease that affects the supporting structures of the teeth, including the jawbone, periodontal ligament (PDL), and cementum. Periodontitis not only gives rise to functional and esthetic problems in the oral cavity, but is also associated with systemic diseases, such as diabetes, preterm birth, cardiovascular disease, stroke, and pulmonary disease [@bib1]. Conventional treatments can only delay the progress of the condition, and the therapeutic effect of various resection surgeries is considered minimal. To mitigate these limitations, regenerative therapies have been investigated for almost 100 years [@bib2]. Bone grafts, barrier membranes, and other biological materials have been approved in clinics for the treatment of relatively small size defects; however, there are no appropriate therapies for severe defects, such as one-wall intrabony defects, class III furcation defects, and horizontal defects. The majority of periodontal defects are of these severe defect shapes [@bib3], therefore cytotherapeutic approaches have been investigated during the 21st century based on the development of tissue engineering and stem cell biology [@bib4].

Stem cells were identified from human PDL tissue and suggested as a promising cell source for periodontal regeneration [@bib5], [@bib6]. At the same time, our laboratory developed "Cell Sheet Engineering Technology", using a temperature responsive cell culture surface [@bib7], in which all the cultured cells can be harvested as an intact transplantable cell sheet by reducing the temperature of the culture dish. Several clinical studies using "Cell Sheet Engineering Technology" have been reported, such as corneal reconstruction [@bib8], treating cardiomyopathy [@bib9], endoscopic treatment of esophageal ulceration [@bib10], and middle ear mucosal regeneration [@bib11], and the safety and efficacy of these autologous cell sheet therapies were observed. Our group focused on PDL-derived cells and combined them with this technology to create PDL-derived cell sheets. Previous animal experiments showed the efficacy of PDL-derived cell sheets in several experimental periodontal defect models [@bib12], [@bib13], [@bib14], [@bib15]. Additionally, we established the optimal extraction and cultivation methods for human PDL-derived cells [@bib6], and the safety of these cells was confirmed [@bib16], [@bib17].

In this study, we examined the safety of autologous PDL-derived cell sheets combined with beta-tricalcium phosphate, and the regenerative potential of this new approach in a clinical setting.

2. Experimental methods {#sec2}
=======================

This study was conducted according to the principles expressed in the Declaration of Helsinki and approved by both the Institutional Review Board of Tokyo Women\'s Medical University (TWMU) Human Subjects Research and the Japanese Minister of Health, Labour and Welfare in accordance with the "Guidelines on clinical research using human stem cells". All samples were processed and cultured in the cell processing center of TWMU in accordance with the good manufacture practice (GMP) guidelines. This clinical study was registered with the UMIN Clinical Trials Registry, number UMIN000005027 and monitored by a contract research organization. The overall design of this clinical study to regenerate periodontal tissue is presented in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1The procedure of Periodontal regeneration with autologous PDL-derived cell sheets combined with β-tricalcium phosphate granules. 1. Patients\' own redundant tooth was extracted, and PDL tissue was scraped and enzymatically digested to single cells. 2. After expansion, PDL-derived cells were spread on temperature-responsive culture dishes, then triple layered PDL-derived cell sheets were created. 3. Triple layered PDL-derived cell sheets with PGA mesh were trimmed to the defect size and transplanted on the root surface. 4. β-tricalcium phosphate granules were filled into bony defects.Fig. 1

2.1. Patients {#sec2.1}
-------------

Ten patients, ranging in age from 33 to 63 years (mean \[±SD\], 46 ± 12), received autologous PDL-derived cell sheet transplantations from November 2011 to May 2014 ([Table 1](#tbl1){ref-type="table"}). All patients gave oral and written informed consent at each invasive event, for a total of 4 times. Patients who had periodontitis with probing depths of more than 4 mm after the initial therapy were eligible for inclusion. Other inclusion criteria included age \>20 years old and existence of a redundant tooth which retained healthy periodontal tissue for a cell source. Exclusion criteria included relevant medical conditions contraindicating surgical interventions (e.g., diabetes mellitus, cardiovascular, kidney, liver, or lung diseases, or compromised immune system), pregnancy or lactation, severe tobacco smoking (more than 11 cigarettes a day), or positive results for hepatitis B, hepatitis C, HIV, HTLV, or syphilis in the initial blood examination. The schedule before transplantation is written in [Supplemental Fig. 1](#appsec1){ref-type="sec"}.Table 1The list of patients, their defect shapes, and the number of transplanted cells. The number of cells of one cell sheet (880 mm^2^) was measured one day before the transplantation. The number of triple layered cell sheets was calculated based on the size of trimmed cell sheets. In some cases, 2 or 3 teeth received cell transplantation. Tooth number indicates the tooth with the deepest defect.Table 1No.y.o./genderSmokingDefect shapeTooth numberDefect positionMillion cells/sheetEstimated transplanted cells (Million)133/M−147Distal--Lingual2.000.64239/F+horizontal33Mesial--Lingual1.200.19352/F−horizontal42 (43)Distal--Buccal0.820.31463/F−horizontal47 (45, 46)Distal--Buccal1.201.23535/Mformer146Mesial--Buccal0.660.17658/Fformercircumferential17Mesial--Buccal0.550.12757/Fformerhorizontal25 (26)Center--Buccal0.630.38836/Mformer336Mesial--Lingual1.100.12935/M−137Distal--Buccal1.600.241054/Mformer244Mesial Buccal1.300.53

2.2. Preparation of autologous sera {#sec2.2}
-----------------------------------

Peripheral blood of each patient was tested to confirm negative results for hepatitis B, hepatitis C, HIV, HTLV, and syphilis. For obtaining autologous serum, 100--125 mL of peripheral blood was collected before the tooth extraction and transported to the cell processing center (CPC) of Tokyo Women\'s Medical University. Blood was then transferred to 50 mL centrifuge tubes and incubated at 37 °C for 1 h. Centrifugation was performed, and the supernatant was collected. The supernatant was again centrifuged, and the supernatant was filtered and then used as autologous serum in cell cultures.

2.3. Cell processing and cell sheets {#sec2.3}
------------------------------------

The PDL-derived cell sheets were created in the cell processing center as previously described [@bib16]. Briefly, PDL tissue obtained from patient\'s wisdom tooth was digested with collagenase/dispase, and single cell suspensions were passed through a 70-μm cell strainer (Falcon, Franklin Lakes, N.J., USA) and incubated on a culture plate (Falcon T-25 flask, primaria; BD Biosciences) in complete medium (α-MEM containing 10% autologous human serum, 2 mML-glutamine (Sigma--Aldrich), 82.1 μg/mlL-ascorbic acid phosphate magnesium salt n-hydrate (Wako Junyaku, Tokyo), 40 μg/ml gentamicin (GENTCIN; Schering-Plough, Osaka), and 0.25 μg/m amphotericin B (FUNGIZONE; Bristol-Myers Squibb, Tokyo)). After 3 passages of expansion in T-75 flasks, cells were seeded on temperature-responsive culture dishes (35 mm in diameter, UpCell®, Cell Seed, Tokyo, Japan) at a cell density of 2--4 × 10^4^ cells/dish and cultured in complete medium with additional 82.1 μg/mL [l]{.smallcaps}-ascorbic acid phosphate magnesium salt n-hydrate, 10 nM dexamethasone (DEXART; Fuji pharma, Toyama), and 10 mM β-glycerophosphate (Sigma--Aldrich). Two weeks after culturing in this osteoinductive medium, autologous PDL-derived cell sheets were harvested by reducing the temperature of the culture dish. Prior to the transplantation, the safety and quality control tests for processed cells were performed *in vitro* as previously described [@bib6], [@bib18] ([Supplemental Tables 1 and 3](#appsec1){ref-type="sec"}).

2.4. Cell sheet transplantation {#sec2.4}
-------------------------------

The surgical procedure consisted of pre-surgical cleaning, administration of local anesthesia, and reflection of full thickness buccal and lingual flaps to ensure the surgical view. Decontaminating procedures were performed with hand, ultrasonic, and rotary instruments, and the exposed root surfaces were subsequently treated with EDTA (PrefGel^®^, Straumann, Basel, Switzerland) for 2 min. After washing with saline sufficiently, three-layered autologous PDL-derived cell sheets were trimmed to the defect size and placed on the denuded root surface with a biodegradable polyglycolic acid mesh (Neoveil, 0.15 mm in thickness; Gunze, Tokyo), and the bony defect was filled with beta-tricalcium phosphate (β-TCP) granules (Osferion®, G1, Olympus Terumo Biomaterials, Tokyo, Japan) ([Fig. 2](#fig2){ref-type="fig"}). Postoperative care included the systemic administration of azithromycin (Zithromac®, Pfizer, Tokyo, Japan) 500 mg/day for 3 days. Diclofenac sodium (Voltaren®, Novartis Pharma, Tokyo, Japan) was provided as needed for analgesia. Postoperative supragingival professional tooth cleaning, and clinical and radiographic measurements were scheduled for 6-month post-surgery ([Table 2](#tbl2){ref-type="table"}).Fig. 2Surgical Procedure. Following open flap surgery in accordance with the modified Widman procedure (Fig. 2A), a 3-layered PDL-derived cell sheet retained with woven PGA was trimmed to the defect size and set on the root surface (black triangle). Woven PGA was set outside of PDL-derived cell sheets (Fig. 2B). β-tricalcium phosphate granules were filled into the bony defect to cover the cell sheets (Fig. 2C).Fig. 2Table 2Schedule of the clinical study. Interviews were performed to ask patients about 4 kinds of pain (spontaneous pain, hyperpselaphesia, pain during eating, and cramp pain), and each pain was scored in 4° (0: no pain, 1: slight pain, 2: moderate pain, 3: severe pain). Oral cavity inspection included observation and photographing. Periodontal tissue inspections included probing pocket depth (PPD), bleeding on probing (BOP), clinical attachment level (CAL), gingival index (GI), and plaque index (PI). Supragingival professional tooth cleaning was performed as preventive treatment.Table 2ItemBefore registrationBefore transplantationTransplantationAfter transplantationWeekMonth121236Patient background●Patient agreement●●Blood tests for infectious disease●Interview●●●●●●●Oral cavity inspection●●●●●●●Transplantation of cell sheet●CBCT●●Periodontal tissue inspections●●●●Responding to adverse eventsPreventive treatment●●●●●●●●

2.5. Study end points {#sec2.5}
---------------------

The primary endpoint was the safety of autologous PDL-derived cell sheets in patients with severe periodontitis. Safety was assessed based on clinical findings and the pain scoring, which were generated from interviews with a 4-degree verbal rating scale at 1, 2, 4, 8, 12, and 24 weeks after the transplantation ([Table 2](#tbl2){ref-type="table"}).

The secondary endpoints evaluated the efficacy of this treatment. Clinical parameters, including gingival index (GI), plaque index (PI), probing pocket depth (PPD), bleeding on probing (BOP), and clinical attachment level (CAL), were recorded to evaluate the therapeutic effect at baseline, 3 months, and 6 months. Radiographic evaluation was performed with the cone beam X-ray computed tomography (CBCT) (3DX, J. Morita, Kyoto, Japan) and the manufacturer\'s software system (I-View; Morita) at baseline and 6 months. The deepest point of defect was selected in each case and linear bone height was measured by two blinded examiners. The average distance between cementoenamel junction (CEJ) and the deepest point of the defect was analyzed. Mid-long-term follow-up has been performed with patients\' agreements, and CBCT has been taken at a minimum of 6 month-intervals.

2.6. Statistical analysis {#sec2.6}
-------------------------

The changes between baseline and observation periods, in terms of the primary and secondary endpoints, were statistically analyzed. Results are expressed as the mean ± standard division (SD), and the Wilcoxon signed-rank test was carried out. A two-sided probability (P) \< 0.05 was considered significant.

3. Results {#sec3}
==========

In this clinical study, 10 cases (5 female) underwent periodontal surgery and received autologous PDL-derived cell sheet transplantations from November 2011 to May 2014. The median age of patients was 46 years old (range 33--63) at the first informed consent. Although the observation period of each patient was finished 6 months after the transplantation in the protocol of this clinical study, transplanted patients were followed up for an average of 55 months (range 15--79).

Tooth extraction for harvesting autologous PDL-derived cells was performed without significant morbidity. PDL-derived cells from a single tooth were expanded for 2 weeks and plated on 6 temperature responsive culture dishes at a cell density of 2--4 × 10^4^ cells/dish. After 2 weeks of additional culture with osteoinductive supplements, tight and thick 3-layered PDL-derived cell sheets (4.8 ± 2.1 × 10^5^ cells/cm^2^) were created. The quality control tests were performed before the transplantation ([Supplemental Table 1](#appsec1){ref-type="sec"}), and all 10 products passed all tests established previously [@bib16], demonstrating that all products possessed PDL-like characteristics. Multipotency of all products, other than \#6, were also shown after the induction of osteogenesis or adipogenesis ([Supplemental Table 2](#appsec1){ref-type="sec"}), suggesting they also possessed multipotent mesenchymal stromal cell (MSC)-like properties [@bib19]. For safety tests, the conditioned cell culture medium of intermediate products was outsourced to the inspection company (SRL Inc., Tokyo, Japan) to determine any contamination before shipping. The final products were also examined for microbial contamination, and they all passed the tests ([Supplemental Table 3](#appsec1){ref-type="sec"}).

Surgical procedures were performed uneventfully. After the surgery, some patients complained of pain; however, the pain dissipated uneventfully, as expected for conventional periodontal surgeries [@bib20] ([Supplemental Table 4](#appsec1){ref-type="sec"}). Specifically, patient \#2 complained of severe pain during eating and cramping pain 1 week after the surgery. She previously received periodontal surgery twice, and she mentioned the pain after transplantation was similar to previous periodontal surgery. Other complications associated with PDL-derived cell sheet transplantation were not reported.

The changes in clinical and radiographic parameters are presented in [Table 3](#tbl3){ref-type="table"}. The clinical parameters, including CAL, PPD, and linear bone height, were significantly improved at 3 months and 6 months compared to those of baseline. The mean CAL gains were 2.5 ± 1.8 mm at 3 months and 2.5 ± 2.6 mm at 6 months. The mean PPD reductions were 2.8 ± 1.3 mm at 3 month and 3.2 ± 1.9 mm. The CT-assisted imaging evaluation confirmed the gain of linear bone height was 2.3 ± 1.8 mm at 6 months ([Table 3](#tbl3){ref-type="table"}) and there was no evidence of ankylosis in any of the transplanted sites by CBCT analysis. There was no significant change in GI and PI.Table 3The results of periodontal tissue inspections and CBCT analysis. Periodontal tissue inspections were performed at 3 and 6 months after transplantation. CBCT was assessed at 6 months after the transplantation.Table 3Pt.\#3M6MGain of CALReduction of PPDGain of CALReduction of PPDGain of linear bone123332.31211320.50313131.07455775.89534143.59632221.42723021.37812120.74964761.361011014.60Average2.52.82.53.22.29SD1.81.32.61.91.81

Representative cases are shown in [Fig. 3](#fig3){ref-type="fig"}. [Fig. 3](#fig3){ref-type="fig"}A, B, and C shows CBCT images of Patient \#1, \#4 and \#10, respectively. Specifically, dramatic healing was observed in [Fig. 3](#fig3){ref-type="fig"}B. The patient was a 63-year-old woman with loss of alveolar bone over the root apex with furcation involvement in the lower right second molar as the result of periodontitis and occlusal trauma. After the initial periodontal therapy, deep periodontal defects in the lower right premolars and molars were treated with the tissue engineered cell sheets. Six months after the surgery, the patient recovered occlusal function, and periodontal regeneration was confirmed by CBCT ([Fig. 3](#fig3){ref-type="fig"}B, center). As of this writing, 35 months after surgery, the patient has reported no problems with the transplantation, and the bone level has been stable ([Fig. 3](#fig3){ref-type="fig"}B, right).Fig. 3A: CT images of baseline (left), 6 months (center), and 75 months (right) post-operation for patient \#1. 33-years-old man patient had a 1 wall infrabony defect in the distal of lower right second molar. The linear bone height increased 2.31 mm in 6 months, and gradually increased within this observation. B: CT images of baseline (left), 6 months (center), and 35 months (right) post operation for patient \#4. 63-year-old female patient had infrabony defects in lower left premolars and molars with furcation involvements. Bony defect reached to the apex of distal root in the second molar. Six months after the operation, the furcation was closed and linear bone height increased 5.89 mm (Fig. 3B center). After 35 months, the bone level was steady (Fig. 3B right). C: CT images of baseline (left), 6 months (center), and 12 months (right) post operation for patient \#10. 54-years-old man patient had a 2wall infrabony defect in the buccal of lower right first molar. The linear bone height increased 4.6 mm in 6 months (Fig. 3C center), and gradually increased at 12 months post operation (Fig. 3C right). Arrowheads indicates the most apical portion of bone defects.Fig. 3

4. Discussion {#sec4}
=============

A promising cell source for periodontal regeneration is stem cells derived from PDL tissues [@bib21], and the mode of action of periodontal regeneration includes how PDL-derived stem cells are recruited, proliferate, and differentiate into periodontal components with an appropriate spatiotemporal sequence [@bib22]. In order to achieve this regeneration, various tissue engineering approaches have been introduced [@bib23]. Our laboratory has developed "Cell Sheet Engineering Technology" [@bib24], [@bib25], and the safety and efficacy of PDL-derived cell sheets has been previously tested in canine models [@bib12], [@bib13]. In addition, we have optimized culture conditions for human PDL-derived cells [@bib6], verified the quality of human PDL-derived cells [@bib16], [@bib17], and received clinical study approval in January 2011 from the Minister for Health, Labour and Welfare in Japan.

For this clinical study, 12 patients were enrolled; however, 2 cases were dropped during cell cultivation. These cases were dropped because the cells did not proliferate well in one case, and a contamination of coagulase-negative staphylococci (CNS) occurred in the other case. In the former case, it is possible that the attached PDL tissue was too small because the cell source was residual roots with caries (upper right first molar). In the latter, it is possible that the initial washing of the tooth was insufficient, because larger blood clots than expected were attached to the extracted tooth. In contrast, the creation of PDL-derived cell sheets for the other 10 cases were successfully accomplished and passed all the safety and quality control tests. Therefore, the protocol for isolating and culturing human PDL-derived cells was optimized and verified in this study.

The quality of PDL-derived cells was tested in all cases. From the quality control testing results before shipping, their viability and response to osteoinductive medium was as expected for PDL-derived cells. Both the alkaline phosphatase (ALP) activity and ALP positive rate were higher than the predetermined criteria ([Supplemental Table 1](#appsec1){ref-type="sec"}). In addition, the gene expression of periostin was sufficient in all cases, suggesting transplanted cells retained PDL-like phenotype [@bib6], [@bib26] without gingival fibroblastic phenotypes. We also performed CFU-F assays and multi-differentiation assays using the remaining cells with fetal bovine serum, and all but \#6 possessed MSC-like phenotypes ([Supplemental Table 2](#appsec1){ref-type="sec"}). The difficulty in inducing calcified nodule formation from all sample may be due to the individual variation, although they all possessed colony forming activity and adipogenic potential in this study.

Autologous PDL-derived cell sheets combined with β-TCP bone fillers improved clinical and radiographic outcomes in this clinical study. So far, there have been no serious complications attributed to the transplanted cells in the mid-long-term follow-up (mean 55 ± 19 months). Two cases are followed by a local clinic after the 15 and 35 month follow-ups due to long distance.

The β-TCP used in this study was small size biodegradable granules and was shown to be replaced by newly-formed bone by 6 months [@bib27]. In this study, histological data could not be collected, because of ethical restrictions; however, particles of implanted β-TCP were not observed, and bone-like opaque mass appeared in all cases 6 months after the surgery. Most of the β-TCP seemed biodegraded as the manufacturer predicted, therefore, the changes of linear bone height could be determined in this protocol. Furthermore, the bone level was stable, and the bone trabecula-like structures were elucidated in this study ([Fig. 3](#fig3){ref-type="fig"}). A previous clinical trial showed that the gain of linear bone by β-TCP alone was 0.9 ± 0.1 mm after 6 months [@bib28]. It is well-known that the defect morphology is one of the influencing factors of periodontal regeneration [@bib29]. Our study included larger and more complex cases, and we were able to observe improvement of many parameters in this clinical study. Therefore, PDL-derived cell sheets are a widely applicable therapy for treating severe periodontal defects. During mid-long-term follow-up of this study, a randomized clinical trial of autologous PDL stem cells with bovine-derived bone mineral materials for periodontal regeneration was reported [@bib30], based on the preliminary case reports [@bib31]. The authors could not find significant therapeutic efficacy of PDL stem cells; however, it may be due to the slow bioresorbability of bovine materials or one of the chosen inclusion criteria, where small size defects were selected. Further investigation is needed to select appropriate materials and defect shapes for cytotherapeutic approach of periodontal regeneration.

In this study, CBCT was utilized for evaluation of periodontal bony regeneration. The accuracy of CBCT has been demonstrated [@bib32], and it is also reported that CBCT is useful for measuring periodontal defects [@bib33]. In addition, only interproximal defects can be evaluated with intraoral radiographs, thus, we introduced CBCT for radiographic assessment of periodontal regeneration, and the linear bone distance between the cemento-enamel junction and the base of the defect was measured by two blinded examiners.

The main limitation of this autologous transplantation study was the small number of patients who had a redundant tooth with healthy periodontal tissue for use as a cell source. This problem can be overcome with the use of allogeneic MSCs, because MSCs possess immunomodulatory activities, which should minimize immune rejection [@bib34]. In the dental field, young teeth are routinely extracted for orthodontic reasons or impaction, then discarded as medical waste in clinics, thus allogeneic dental tissues-derived cells can be routinely obtained. As patients in non-transplantation groups cannot receive the transplantation despite tooth extraction, it is ethically difficult to commence a randomized study with autologous cells. Additionally, autologous cells cannot be used for transplantation to any patients other than the original donor, resulting in expensive medical costs. Therefore, we are now planning to establish an allogeneic cell bank of PDL derived MSCs, and optimal procedures for selection, cryopreservation, and stocking of stem cells that have been accumulating for future allogeneic clinical trial.
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Appendix A. Supplementary data {#appsec1}
==============================

The following is the supplementary data related to this article:

Supplemental Figure 1. The schedule of clinical flow, manufacturing flow, and examination. Informed consent was acquired 4 times, at each invasive event. Each examination was performed following this schedule, and results are shown in Supplemental Tables 1 and 3.

Supplemental Table 1. The table shows the results of quality control tests performed one day before shipping as previously described [@bib16], [@bib18]. Two PDL-derived cell sheets were used only for these inspections. The gene expression of periostin was examined with Taqman probe (Hs00170815_m1) and ΔCT of the internal control (4326315E) was calculated in duplicate.

Supplemental Table 2. This table shows the results of the ratios of fibroblast colony-forming-units (CFU-F) and osteo- and adipo- differentiation potential of each PDL-derived cells. When the 3rd passage was performed for seeding to the temperature responsive dishes, the rest of PDL-derived cells were brought out from the CPC. These PDL-derived cells were spread on 100 mm culture dishes at 50 or 100 cells/dish, then CFU-F and differentiation studies were performed with fetal bovine serum as previously described [@bib6]. Briefly, 100 cells were spread on a 100 mm culture dish in triplicate, cultured for 9 or 10 days, stained with crystal violet, and counted. The number of crystal violet-positive colonies \>2 mm in diameter was considered as CFU-F (%). For osteogenic (Os) or adipogenic (Ad) differentiation, cells were spread on 100 mm culture dishes at 50 or 100 cells/dishes, respectively. Cells grew in normal medium for 9 or 10 days, then culture medium was switched to osteoinductive or adipoinductive medium for 21 days. The number of alizarin red-S or oil red O positive colonies were counted, then differentiation ratio was calculated in triplicate in each sample, respectively. The mean ratio was shown on the table.

Supplemental Table 3. The table shows the results of outsourced contamination tests. The safety of the PDL-derived cell sheets was confirmed by these tests scheduled in Supplemental Figure 1.

Supplemental Table 4. The results of interviews with 4-degree verbal rating scale at 1, 2, 4, 8, 12, and 24 weeks after the transplantation. Four kinds of pain (spontaneous pain, hyperpselaphesia, pain during eating, and cramp pain) were scored with 4° options (0: no, 1: mild, 2: moderate, 3: severe).Multimedia component 1Multimedia component 1
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